Abstract In this research, the nonlinear evolution of jet-like spikes in the single-mode ablative Rayleigh-Taylor instability (ARTI) in the presence of preheating, is studied numerically. It is demonstrated that the preheating plays an essential role in the formation of jet-like spikes in the nonlinear ARTI. The evolution of jet-like spikes in the ARTI with preheating consists of three stages with distinctly different distinguishing features. In the early stage, the preheating contributes to significantly increase the density-gradient scale length and broaden the velocity profile of the ablation surface, where the former can reduce the linear growth of the ARTI and mitigate the growth of its harmonics. In the middle stage, the ablative Kelvin-Helmholtz instability is dramatically suppressed due to the ablation effects. In the late stage, the jet's length (i.e. bubble-spike amplitude) is further increased by the bubble acceleration in the highly nonlinear ARTI, resulting eventually in the formation of jet-like spikes.
Introduction
The Rayleigh-Taylor instability (RTI) [1, 2] occurs at the interface between two fluids where a heavier density fluid lies above a lighter one in a gravitational field or, equivalently, where the lighter fluid pushes and accelerates the heavier one. Control of the RTI is crucially important for the success of inertial confinement fusion (ICF) [3, 4] , especially for the central hot-spot ignition scheme [5] where the ablation front during the acceleration stage and the hot-spot boundary during the deceleration stage are seriously subject to this instability. (In this paper, the term instability will refer to the RTI, unless stated otherwise.) This inherent instability can decrease the hot-spot size, delay the ignition, reduce the gain, and in some cases even break up the implosion shell or make the hot-spot formation impossible, resulting in auto-ignition failure. Therefore, the ICF targets must be designed to keep the growth of ablative RTI (ARTI) at an acceptable level. The nonlinear evolution of the ARTI is still far from being solved. Many problems are still not very clear, especially the formation of jet-like structures, which are widely observed in high energy density hydrodynamic instability experiments and simulations in ICF research [6∼9] . In addition, there are a large amount of jets in astrophysics [10] , for example, Eagle Nebula which exists a star-forming region, justly famous for its dramatic structures, referred to as Elephant Trunks. One hypothesis regarding the origin of the structures is that they might have been produced by the ARTI [11, 12] . The present work is devoted to the formation mechanism of jet-like spikes in the nonlinear evolution of single-mode ARTI.
In classical RTI (incompressible, inviscid, irrotational, and immiscible fluids without thermal conduction), a cosinusoidal initial interface perturbation with wave number k = 2π/λ where λ is the wavelength, would grow exponentially in time with the associated linear growth rate [13, 14] 
where
is the Atwood number and g is the acceleration. Here, ρ H (ρ L ) denotes the mass density of the heavy (light) fluid (ρ H > ρ L ). It is well documented that the density-gradient effects (i.e., the effects of finite-thickness of the perturbed interface) reduce the linear growth rate of the RTI [15, 16] , which can be approximated by the formula
where L m = min (|ρ/∇ρ|) is the minimum densitygradient scale length. In the linear growth regime, it is well known that the ablation effects tend to stabilize the ARTI and a cutoff wavelength appears when the perturbation wavelength is sufficiently short [20∼25] . The linear growth rate of the ARTI can be approximated by the so called BodnerTakabe-Lindl formula [3,20∼22] 
where L m is the minimum scale length of densitygradient of the ablation surface, and v a =ṁ/ρ a is the ablation velocity. Hereṁ (ρ a ) is the mass ablation rate (the peak density) of the over-dense target material. The parameters α and β depend basically on the flow parameters, and usually α = 0.9 − 0.95 and β = 1 − 3. In the expression of Eq. (3), the classical growth behavior γ cl ∼ √ kg is observed with corrections leading to a reduction in the growth rate. The first term in Bodner-Takabe-Lindl formula can be treated as the density-gradient stabilization resulting from the ablation effects, which plays an essential role. The stabilization term "−βkv a " in Eq. (3) given by TAKABE et al. [21] indicates that one of the mechanisms responsible for the reduction of the growth is the shearing away of the largest portions of the modulation at a rate proportional to the ablation velocity, directly related to the rate at which material is removed from the ablation front (i.e. mass ablation rate). In Ref. [26] , GONCHAROV and BETTI et al. solved the single complex fifth-order differential equation independently in the over-dense, ablation front, and blow-off regions of the plasma by matching the boundary conditions between each region to yield a self-consistent solution for the ARTI growth rate for plasmas with F r 1 (F r is the Froude number). The linear growth rate of the RTI for accelerated ablation fronts with F r 1 was also calculated by GONCHAROV and BETTI et al [27] . Furthermore, in the same Ref. [27] an asymptotic formula suitable for reproducing the growth rate at small and large Froude numbers was proposed. The asymptotic formula suitable for arbitrary F r takes the form
where the details of the parameters can be found in Ref. [27] [Eq. (66)] or Ref. [28] [Eq. (8)]. On the other hand, the ARTI experiments [29] have indicated that its linear growth rate is clearly reduced as compared to the simulation results adopting the well-known SpitzerHärm (SH) electron thermal conductivity. It is found that the difference between experiments and simulations is due to a density profile change in the longitudinal direction resulting from preheating by energetic electrons from the plasma corona which penetrate beyond the ablation front. Moreover, the experiment of SAKAIYA et al. [30] shows that the nonlocal electron heat transport plays a significant role in the suppression of linear growth of the ARTI. The measured density profiles in experiments [31] and simulations [29, 30] suggest that the L m is dramatically increased by ablation in the presence of preheating. In the present work, we have studied the nonlinear evolution of the ARTI in the presence of preheating initiated by a single-mode perturbation whose growth rate is around the peak in the linear growth curve. The outline of this paper is as follows. In section 2, we describe the numerical modeling used in this paper. The nonlinear evolution of the jet-like spike in the ARTI is addressed in section 3. Finally, concluding remarks are given in section 4.
Formulation

Governing equations
In the present work, we model the physical system via the two-dimensional (2-D) inviscid one-temperature single-fluid equations in a frame of reference moving with the ablation front. For the sake of simplicity, the ideal gas equation of state is used. Furthermore, the radiation process is ignored in our numerical simulation. The basic equations are
where ρ, u, T , and g are, respectively, the density, velocity, temperature, and acceleration. E = c v ρT + ρu · u/2 is the total energy, p = ΓρT is the pressure, and c v = Γ/(γ h − 1) is the specific heat at constant volume. For the CH material, we employ γ h = 5/3 and c v = 86.2713 (cm/µs) 2 MK −1 (1 MK = 10 6 Kelvin). With respect to the nonlinear thermal conductivity, in our simulations we adopt a preheating mode in the form κ(T ) = κ SH [1 + f (T )], where κ SH is the SH electron heat conduction and f (T ) interprets the preheating tongue effect in the cold plasma ahead of the ablation front [32] . Here, f (T ) = aT −1 + bT −3/2 , where T is in the unit of mega Kelvin (MK), a and b are adjustable parameters. Our simulation results show that this preheating model can be used to treat the heat flux in the field of the ARTI research for laser intensities as high as ∼ 10 13 −10 15 W/cm 2 [32, 33] . More details about the preheating model can be found in WANG and YE et al [34, 35] . In this paper, we consider two preheating cases viz. weak preheating RTI (WPRTI) with a = 0.86 and b = 0.24, and strong preheating RTI (SPRTI) with a = 8.6 and b = 1.6. In order to separate the ablation effects, we also consider the classical RTI (CRTI) without considering the thermal conductivity for comparison. In the CRTI, the κ(T ) is set to be zero.
Numerical simulation
The physical domain is rectangular [
The domain in the y direction is assumed to be periodical with length L y = λ. Since the flow is essentially unchanged near the boundaries of the computational domain, the free-stream boundary conditions are imposed at both ends of the domain in the x direction. Since the domain in the y direction is periodical, we adopt the periodical boundary conditions in the y direction.
In order to simplify the notation for the following discussion, the basic governing equations can be rewritten as
where L and L v are the spatial differential operators for the first (inviscid, nonlinear, hyperbolic) and second order (linear, parabolic) terms, respectively, and S is the bulk force source term. We approximate the inviscid flux LQ in the Euler equations via a fifth order weighted essentially non-oscillatory (WENO) [36] conservative finite difference scheme explicitly. In order to avoid severe stability condition, the second order parabolic term (thermal conduction) is solved via a fourth order implicit central finite difference scheme. In our simulations, the numbers of uniformly spaced grid points used in the x and y directions are N x = 1680 and N y = 256 in the SPRTI, N x = 2196 and N y = 256 in the WPRTI, and N x = 1680 and N y = 512 in the CRTI, respectively. In the SPRTI (CRTI), the mesh size in the x direction is ∆x = 0.1 µm. In the WNRTI, a fine mesh is used in the x direction to capture the sharp ablation front [see Fig. 1(b) ] with ∆x = 0.02 µm.
Initial conditions
In order to obtain one-dimensional (1-D) steady state flow field [37] for the 2-D calculation, we first integrate the basic equations in the accelerating reference frame moving with the ablation front from the peak density to the isothermal sonic points on both sides, as shown in Fig. 1(b) and (c) Fig. 1(a) . The density profile from the WPRTI is very sharp (with L m = 0.23 µm) as shown in Fig. 1(b) , and hence, it is hard to use this sharp profile to initiate a single-mode CRTI. Therefore, we will not consider the CRTI with density profile from WPRTI here. 
where x 0 = 0 is the interface position, k 0 = 2π/λ is the perturbation wave number, and η 0 = α 0 λ is perturbation amplitude. Typically, we set 10 −4 ≤ α 0 ≤ 10 −5 in our numerical simulations.
Numerical results and discussions
Since the transition between the fluid is no longer sharp (see Fig. 1 ), we shall generate a reasonably defined interface in the fluid so that the growth of the amplitude of the perturbed interface can be tracked and analyzed by the Fourier analysis in the y direction. As long as the iso-density contours remain a single value function along the x direction where t is the time, a function f (y, t) for the density ρ 1 2 can be uniquely defined and its gradient is the largest. Since the physical domain is assumed to be periodic along y direction, a Fourier analysis can be performed in this direction. Applying the Fourier analysis on the function f (y, t), the absolute values of the Fourier coefficients {|a n (t)|, n = 1, . . . , N y /2} yield the amplitudes of the nth harmonic of the interface at time t. The linear growth rate γ can then be obtained by fitting the amplitude of the fundamental mode in the linear growth regime. Fig. 2 presents the linear growth rate curves for the CRTI, WPRTI, and SPRTI from theoretical predictions and numerical simulations. The theoretical predictions are from Eq. (2) for the classical RTI and from Eq. (4) for the ablative RTI, respectively. There is a general agreement between numerical simulations and the theoretical predictions, especially for the CRTI. The linear growth rate of the CRTI decreases with increasing perturbation wavelength. Regarding the WPRTI (SPRTI), its linear growth rate is clearly reduced in comparison to that in the CRTI, especially for shortwavelength perturbations. In the WPRTI (SPRTI), a cutoff wavelength λ c = 3.2 µm (6.0 µm) appears when the perturbation wavelength is sufficiently short. The linear growth rate of the WPRTI (SPRTI) first increases with increasing wavelength, reaching a maximum at λ m 16 µm (24 µm), then drops with further increasing wavelength, as can be seen in Fig. 2 . The present work focuses on the formation of jetlike spike in the ARTI with preheating. Typically, we investigate the evolution of a 20 µm-wavelength perturbation in the following paragraphs. Figs. 3, 4 and 5, respectively, illustrate the temporal evolutions of density, vorticity, and pressure for a 20 µm-wavelength perturbation in the CRTI, the SPRTI, and the WPRTI, where the vorticity is defined as ω = (∂u y /∂x − ∂u x /∂y).
The density contours are smooth, with no characteristic Kelvin-Helmholtz instability (KHI)
[38∼40] mushroom structures at the spike heads in the SPRTI, as shown in Fig. 5(a) , while the KHI mushroom structures are fully developed in the CRTI, as can be seen in Fig. 3(a) . For the WPRTI, the characteristic KHI mushroom structure appears in the nonlinear regime, as shown in Fig. 4(a) , which is less impressive in comparison to that in the CRTI. Accordingly, with and without any noticeable KHI mushroom structures is the most prominent difference between the nonlinear evolution of the SPRTI and the CRTI. In addition, we note that the evolution of jet-like spike in the SPRTI consists of three stages, as shall be discussed below. 
Early stage
In the early stage, the amplitude of the perturbed interface η(t) is small [typically η(t)k < 1]. Therefore we can study the temporal evolutions of the amplitudes of the harmonics by Fourier analysis. The temporal evolution of the amplitudes of the first three harmonics for the λ m = 20 µm-wavelength perturbation is plotted in Fig. 6 . As can be seen in Fig. 6 for the CRTI (SPRTI) at t = 3.26 ns (6.26 ns), the amplitudes of the fundamental mode, the second harmonic, and the third harmonic are η 1 = 0.1λ m , η 2 = 0.017λ m (0.015λ m ), and η 3 = 0.0020λ m (0.0016λ m ), respectively. However, within the framework of third-order expansion theory [24] , when the amplitude of the fundamental mode is η 1 = 0.1λ which is the so called saturation amplitude, there are η 2 = 0.032λ and η 3 = 0.014λ, respectively. Compared with the theoretical prediction, the growth of the higher harmonics is strongly suppressed. In our previous work [24] , it was found that the effect of the thickness of the ablation front can effectively suppress the growth of higher harmonics. Additionally, in the SPRTI, at t = 11.5 ns there are η 1 = 0.70λ m , η 2 = 0.45λ m , and η 3 = 0.30λ m . In other words, the fundamental mode has a elongated liner (nonlinear) growth regime and the fundamental mode dominates over the higher harmonics. 
Middle stage
With the development of the instability, evident shear flows are formed around the spike tip. However, in the presence of strong preheating, the ablative KHI (AKHI) [41, 42] is fully suppressed, with no mushroom structure, as shown in Fig. 5(a) . Now let us consider the growth of AKHI. Fig. 7 shows the y direction profiles of the density and the shear velocity (velocity in the x direction) around the spike tips. As can be seen clearly in Fig. 7 in the CRTI, the profiles of density and velocity are sharp in comparison to that in the SPRTI. It is well known that the gentle shear velocity profile is adverse for the KHI growth. Consequently, with the present broadened profiles of density and shear velocity, it is difficult for the spike tip to generate the KHI and form mushroom structures in the SPRTI. In addition, it is found that ablation can further suppress the KHI growth [41] . Compared with the CRTI, the WPRTI, and the SPRTI, it is found that the ablation in the presence of preheating can dramatically suppress the KHI growth and mushroom formation at the spike tips.
Late stage
When the bubble-spike amplitude is comparable in size to its perturbation wavelength, the instability enters the highly nonlinear regime. Fig. 8 depicts the temporal evolution of the amplitudes, velocities, and accelerations for the spike and the bubble for a 20 µm-wavelength perturbation in the CRTI and the SPRTI, respectively. As can be seen in Fig. 8 , in the CRTI the spike's amplitude is always greater than the bubble's while the bubble's amplitude can surpass the spike's in the SPRTI. It is well known that there is a spike (bubble) acceleration (deceleration) stage in the CRTI [43, 44] . However, on the contrary, there is a bubble (spike) acceleration (deceleration) phase in the SPRTI [45] , as shown in Fig. 8 .
On one hand, the overpressure effect can increase the ablative pressure at the spike tip, as can be seen obviously in Figs. 4(c) and 5(c) , providing an "restoring force". This can be strengthened in the highly nonlinear regime. In the highly nonlinear regime not only ∇T but also κ(T ) are increased. On the other hand, it can be seen from Fig. 5(b) in the SPRTI that the vortex climbs towards the bubble vertex, while it does not occur in the CRTI as shown in Fig. 3(b) . It is reported that the vorticity accumulation inside the bubble [46] can result in bubble acceleration in the highly nonlinear ARTI [46] . It is the overpressure effect at the spike tip and the vorticity accumulation inside the bubble that lead to, respectively, the spike deceleration and bubble acceleration [45] . In the late stage, the spike growth is damped. But the bubble acceleration can cover this spike deceleration. Moreover, the combined effect increases the bubble-spike amplitude, as shown in Fig. 8 .
Conclusions and remarks
In this article, we have reported a mechanism of jetlike spike formation in the single-mode ARTI in the presence of preheating by numerical simulations. It is found that the preheating plays an essential role in the formation of jet-like spikes from the ARTI. In the early stage, the preheating mainly contributes to increase the density-gradient stabilization of ARTI and broaden the velocity profile of the ablation front. The growth of the high harmonic is damped by the density-gradient effects, and hence the fundamental mode has a elongated liner (nonlinear) growth regime. In the middle stage the broadened velocity shear layer resulting from the ablation effects in the presence of preheating and the transverse thermal conduction effectively suppress the AKHI growth, and hence the ARTI dominates over the AKHI. Thus, there are no mushroom structures at the spike tips. That means the suppression of the AKHI is a necessary condition for the formation of jet-like spikes from the ARTI. In the late stage, the nonlinear bubble acceleration further increases the jet's length (bubblespike amplitude) and finally leads to the formation of jet-like spikes from the ARTI.
Interesting well collimated jets issuing from astrophysical objects have been observed. A question is how these astrophysical jets remain so well collimated over propagation distances exceeding 10 jet diameters or more. It has been suggested that the magnetic field, radiative cooling, high March number, etc. can be the responsible physical mechanisms [47] . Our simulations indicate that such jet may also be related to the ARTI in the presence of preheating. 
